' INTRODUCTION
The delamination or exfoliation of layered materials in a polymeric matrix leads to nanomaterials with improved properties compared to those of the starting inorganic and/or organic materials. 1 It was recently proposed by Bergaya et al. 2 that the term delamination designates the separation of adjacent layers, while the term exfoliation should be reserved for the limit case of complete loss of crystallographic orientation, layers becoming independent from one another. 2 Thus, exfoliated nanocomposites result from the loss of periodicity in the stacking of a layered inorganic material, giving rise to thin layers of less than 1 nm thickness randomly distributed in a polymeric matrix. These exfoliated compounds show potential for a wide range of applications in various fields: sensors, 3, 4 biomedical engineering and pharmaceutical science, 5, 6 catalysis, 7, 8 electrical conductivity, 9À11 and separation membrane, 12À14 among others. The typical methodology for the exfoliation of layered materials consists, in a first step, of the intercalation between the individual layers of an organic polymer. The incorporation of a silica and titanium oxide network prepared by solÀgel transition from the hydrolysis of alkoxysilanes has also been reported. 15, 16 A variety of layered inorganic materials have been used, 17 such as phosphates and phosphonates, 18 layered metal oxides, 19 layered double hydroxides, 20 layered polysilicates, 21 and clay minerals. 22 Among clay minerals, the smectite family has been widely studied, 15 ,23À29 but the number of reports of a chemical exfoliation of kaolinite is scarce. 30, 31 The exfoliation of kaolinite to form nanotubes or nanoscrolls was also recently reported. 32 The rarity of kaolinite exfoliation is due to the remarkable structure of this mineral. Kaolinite is a 1:1 dioctahedral layered mineral whose layers are formed of siliceous tetrahedral sheets linked to aluminum octahedral sheets. The stacked layers are tightly bound together by van der Waals interactions and a network of hydrogen bonds. 33, 34 This makes intercalation in the interlayer spaces of this mineral much more difficult than in the case of the swelling smectites.
A few examples of intercalated polymerÀkaolinite nanocomposites have been reported. In these cases, the layered periodicity was maintained. 35À43 A new route for the exfoliation of kaolinite was reported recently. It was based on the grafting of an amino alcohol on the interlayer aluminol surfaces, followed by quaternarization using iodomethane, and then reaction of the resulting nanohybrid cationic polyelectrolyte with an organic anionic polyelectrolyte, sodium polyacrylate. 30 No reports have appeared so far on the exfoliation of kaolinite by in situ polymerization of an organic monomer.
In this work, a successful kaolinite exfoliation procedure was achieved using the intercalation of ionic liquid salts bearing a vinyl group: (i) 1-methyl-3-(4-vinylbenzyl)imidazolium chloride (IL_1), (ii) 1-methyl-1-(4-vinylbenzyl)pyrrolidinium chloride (IL_2), and (iii) 1-methyl-3-vinyl imidazolium iodide (IL_3). A urea kaolinite (Urea-K) intercalate was used as precursor. Their intercalation was concurrent with polymerization and ABSTRACT: A simple chemical route for the exfoliation of kaolinite in the presence of polymerizable ionic liquids and the resulting obtainment of exfoliated nanocomposites is reported. The exfoliation was achieved using three different ionic liquids structurally bearing a vinyl group: 1-methyl-3-(4-vinylbenzyl)imidazolium chloride salt (IL_1), 1-methyl-1-(4-vinylbenzyl)pyrrolidinium chloride (IL_2), and 1-methyl-3-vinyl imida zolium iodide (IL_3) and a urea-kaolinite intercalate as precursor. The reaction was done in one step by an in situ polymerizationÀexfoliation process. 13 C CP/MAS NMR spectra confirmed the spontaneous polymerization of the ionic liquid during the exfoliation process to afford atactic polystyrene derivatives in the case of IL_1 and IL_2. The amount of organic material in the exfoliated nanocomposite was close to 30% as shown by thermal gravimetric analysis. This amount is small in comparison to the amount obtained when the exfoliation was done using sodium polyacrylate (Letaief and Detellier, Langmuir 2009, 25, 10975). XRD as well as SEM analysis confirmed a total exfoliation of the kaolinite when the reaction was done using urea kaolinite, whereas a microcomposite, made predominantly of kaolinite platelet aggregates dispersed in the polymeric matrix, was formed when dimethylsulfoxide kaolinite was used as the precursor.
Langmuir ARTICLE exfoliation. When dimethylsulfoxide kaolinite (DMSO-K) was used as the precursor, the exfoliation was incomplete.
The crucial point of difference between this work and the previously reported procedure 30 is that, in the present case, the reaction was done in one step by an in situ polymerizationÀ exfoliation process, whereas in the case of the exfoliation with the sodium polyacrylate, kaolinite underwent two chemical modifications before the exfoliation process. XRD as well as SEM analysis confirmed a total exfoliation of kaolinite. The amount of the organic material found into the nanohybrid after exfoliation was close to 30%. This amount is small compared to the amount acquired when the exfoliation was done using sodium polyacrylate, 30 giving a nanocomposite with a high inorganic content.
' EXPERIMENTAL SECTION Materials. Well-crystallized kaolinite (KGa-1b; Georgia) was obtained from the Source Clays Repository of the Clay Minerals Society, Purdue University, West Lafayette, IN, USA. The purification of KGa-1b and the preparation of Urea-K and DMSO-K intercalates were done according to previously published procedures. 44, 45 DMSO, urea, 1-methylimidazole, 4-vinylbenzyl chloride, 1-methylpyrrolidone, iodomethane, and 1-vinylimidazole were purchased from Aldrich Chemicals and were used as received without further purification.
Sample Preparation. Synthesis and Characterization of the Ionic Liquids IL_1, IL_2, and IL_3 (Scheme 1). IL_1. The ionic liquid was synthesized using a variation of a published procedure. 46 1-Methylimidazole (2.05 g, 25 mmol) and 4-vinylbenzyl chloride (4.6 g, 30 mmol) were added to 20 mL of dichloroethane. The mixture was refluxed overnight at 70°C. The excess of 4-vinylbenzyl chloride was removed by washing with diethyl ether, and the resulting 1-methyl-3-(4-vinylbenzyl)imidazolium chloride salt was stored for further characterization and use. 1 IL_2. The synthetic procedure was applied as in the case of IL_1, using 1-methylpyrrolidine instead of 1-methylimidazole. 1-Methylpyrrolidine (2.13 g, 25 mmol) and 4-vinylbenzyl chloride (4.6 g, 30 mmol) were added to 20 mL of dichloroethane. The mixture was refluxed overnight at 70°C. The excess of 4-vinylbenzyl chloride was removed by washing with diethyl ether, and the resulting 1-methyl-3-(4-vinylbenzyl)pyrrolidinium chloride salt was stored for further characterization and use.
126.7À139.4 (phenyl ring and phenylÀCHdCH 2 ).
IL_3. 1-Vinylimidazole (2.35 g, 25 mmol) was added to 20 mL of dichloroethane. Then, 4.26 g of iodomethane (30 mmol) was added dropwise to the mixture at room temperature. The mixture was stirred for 24 h at room temperature, and the excess of iodomethane was removed by washing with diethyl ether. The resulting 1-methyl-3-vinyl imidazolium iodide salt was stored for further characterization and use. 1 PolymerizationÀExfoliation Reaction (Scheme 2). Two grams of the ionic liquid (IL_1, IL_2, or IL_3) was dissolved in 100 mL of isopropyl alcohol. The mixture was heated and stirred at 80°C. Then, 500 mg of Urea-K or DMSO-K was then added to the mixture (IL/Urea-K w/w = 4/1; IL/DMSO-K w/w = 4/1). The suspension was magnetically stirred at 90°C overnight under a flow of nitrogen. The molten salt in excess was removed after four series of washingÀcentrifugation using isopropyl alcohol. The recuperated solid sample was dried at 60°C overnight, grounded, and stored for further characterization.
Characterization. X-ray diffraction patterns (XRD) were obtained with a Philips PW 3710 instrument equipped with Ni-filtered Cu Kα radiation (λ = 0.15418 nm) operating at 45 kV and 40 mA. Differential thermal analyses (DTA) and thermal gravimetric analyses (TGA) were recorded on a SDT 2960 simultaneous DSC-TGA instrument under N 2 flow (100 mL/min) with a heating rate of 10°C/min. The 1 H and 13 C NMR spectra in solution were recorded on a Bruker 400 MHz spectrometer. 13 C CP/MAS NMR spectra were collected on a Bruker AVANCE 500 NMR spectrometer operating at 125.77 MHz. The 13 C NMR chemical shifts were referenced to TMS at 0 ppm using the highfrequency signal of adamantane at 38.4 ppm as a secondary standard. 29 Si CP/MAS NMR spectra were collected on a Bruker AVANCE 500 NMR spectrometer operating at 99.35 MHz. The 29 Si NMR chemical shifts were referenced to TMS at 0 ppm using the high-frequency signal of tetrakis(trimethylsilyl)silane at 29.9 ppm as a secondary standard. A SEM microscope JSM-7500F FESEM (JEOL) model, operating at an accelerating voltage of 2 kV, was used for the structural characterization of the modified materials.
' RESULTS AND DISCUSSION XRD. Figure 1 displays powder XRD diffractograms of kaolinite (Figure 1a) , the Urea-K intercalate (Figure 1b) , and the resulting nanocomposite obtained after reaction with 1-methyl-3-(4-vinylbenzyl)imidazolium chloride (Figure 1c) . After intercalation of urea, the 001 reflection shifts to a lower angle due to the expansion of the interlayer space. The d 001 spacing of Urea-K is close to 1.06 nm, in agreement with previously reported values. 29, 45 It corresponds to a d-spacing expansion of 0.35 nm compared to kaolinite. After reaction with the imidazolium salt, one of these situations could be expected: (Figure 1c ). This result indicates that the structure of the synthesized nanohybrid material does not present any periodicity along the c axis, at least in the limits of the XRD experiment (above 2θ = 2°(4.42 nm)). This was the indication of the possible formation of an exfoliated nanocomposite. The presence of a well-defined reflection at 2θ = 62.3°(0.149 nm), corresponding to the 060 reflection which is characteristic of a dioctahedral clay mineral, indicated that the structure of kaolinite was not altered in the a,b directions. It was, however, not clear if this possible exfoliation was made by the intercalation of the 1-methyl-3-(4-vinylbenzyl)imidazolium chloride as a monomer followed by exfoliation or rather by a spontaneous polymerizationÀexfoliation process. This point will be clarified by 13 C CP/MAS NMR analysis. The same features were observed for the nanocomposites prepared by reaction of Urea-K with IL_2 and IL_3 (figures not shown). Figure 2 displays the oriented XRD diffractograms of kaolinite (Figure 2a) , the DMSO-K intercalate (Figure 2b) , and the Langmuir ARTICLE resulting composite obtained after reaction of DMSO-K with 1-methyl-3-(4-vinylbenzyl)imidazolium chloride ( Figure 1c) . The oriented XRD patterns of the starting DMSO-K preintercalate exhibits well-developed shifted 00L reflections (001, 002, and 003) with intense 001 reflection at 1.10 nm corresponding to the insertion of the DMSO molecules in the interlayer spaces of kaolinite. After reaction of DMSO-K with IL_1, the 001 reflection corresponding to DMSO-K disappeared and an increase of the intensity of the 001 reflection corresponding to kaolinite could be observed. This could be interpreted by a partial exfoliation of kaolinite along with a collapse of its structure, resulting in a mixture of kaolinite platelet aggregates with an exfoliated nanocomposite. The d 060 reflection of kaolinite characteristic of a dioctahedral clay mineral (not shown) remained at 0.149 nm, indicating also that the (a,b) structure of the layers of kaolinite was largely unaffected during the reaction process. The same features were observed for the composites prepared by reaction of DMSO-K with IL_2 and IL_3 (figures not shown). TG-DTA. The TG pattern of kaolinite is mainly characterized by one weight loss (13.9%) with a maximum at 514°C ( Figure  S1a in Supporting Information) accompanied by an endothermic peak at the same temperature. This is due to the dehydroxylation of kaolinite, corresponding to the transformation of kaolinite Al 2 Si 2 O 5 (OH) 4 to metakaolinite Al 2 Si 2 O 7 . The thermogram of the Urea-K intercalate exhibits three weight losses with maxima at 53, 210, and 494°C ( Figure S1b ). They are accompanied by three endotherms centered, respectively, at 61, 217, and 507°C. The first loss is due to the removal of water molecules adsorbed on the external surfaces. The second is attributed to the loss and decomposition of urea from the interlayer space of kaolinite, and finally, the third one is due to the dehydroxylation step of kaolinite. The thermogram of DMSO kaolinite intercalate is also characterized by three weight losses with maxima at 65, 181, and 512°C ( Figure S1d ). They are accompanied by three endotherms centered, respectively, at 58, 185, and 517°C. The first loss is due to the removal of molecular water adsorbed on the external surface. The second is attributed to the loss and decomposition of DMSO from the interlayer space of kaolinite, and finally, the third one is due to the dehydroxylation step of kaolinite. TG pattern of the resulting nanocomposite obtained by reaction of Urea-K with 1-methyl-3-(4-vinylbenzyl)imidazolium chloride is given in Figure S1c . The first weight loss observed at 85°C and accompanied by an endotherm at 98°C corresponds to the removal of water externally adsorbed. The second loss observed in the range of 150À350°C is attributed to a partial thermal decomposition of the organic material associated with the clay mineral. This phenomenon is accompanied by a broad endothermic peak centered at 281°C. Finally, the third loss observed at 438°C is due to the decomposition of the remaining organic units concurrently with the kaolinite dehydroxylation. The dehydroxylation of the layer sheets occurs at temperatures around 438°C, well below the dehydroxylation temperature of kaolinite (514°C). This phenomenon was also observed in the case of the nanohybrid materials prepared by the grafting of amino alcohols 47, 48 and also for the nanocomposite obtaining upon exfoliation with polyacrylate 30 and of primary n-alkylamines. 31 It is proposed that this is due to the loss of structuration of the kaolinite internal surfaces, the H-bond network linking the aluminol to the siloxane surfaces being lost. In the case of the composite prepared by the reaction of DMSO-K with the ionic liquid, the dehydroxylation of the layers takes place at a similar temperature, 434°C, but it is accompanied by a second dehydroxylation event at 492°C. This is an indication of the nature of the resulting composite, a mixture of micro-and nanocomposites. As it was mentioned above, the dehydroxylation of the exfoliated layers occurs at lower temperatures, close to 434°C, whereas the dehydroxylation of the collapsed layers takes place at 492°C. From the thermograms, one can evaluate the amount of organic material in the nanocomposite. Directly after reaction, the amount of organic material was in the range of 60À75% of organic material. When the nanocomposite was thoroughly washed, however, by four series of washingÀcentrifugation using isopropyl alcohol, an amount of organic material as low as 26% could be obtained.
13 C NMR. The 13 C CP/MAS NMR spectra of the Urea-K intercalate and of the nanocomposite resulting from its reaction with 1-methyl-3-(4-vinylbenzyl)imidazolium chloride are presented in Figure 3a ,c. The Urea-K intercalate (Figure 3a) shows only one peak at 162.1 ppm corresponding to the urea carbonyl group. For comparison, the spectrum of 1-methyl-3-(4-vinylbenzyl)imidazolium (IL_1) in solution is given in the same figure  (Figure 3b) as well as the one of the polymer obtained independently by polymerization of the IL_1 in the presence of AIBN (Figure 3d) .
The attribution of the peaks of the 13 C high-resolution NMR spectrum of IL-1 in D 2 O solution (Figure 3b) is described in the Experimental Section. Of particular interest is the peak at 115.6 ppm corresponding to the vinyl β carbon (C a in our notation). Upon intercalation and reaction of the ionic liquid in kaolinite, this peak disappears (Figure 3c ), indicating polymerization of the vinyl group. The chemical shift of the α carbon is 138.2 ppm, too close to the group of aromatic and imidazolium peaks to be diagnostic of the polymerization since the polymer resonances cover a broad range from 120 to 135 ppm. Two new broad peaks (Figure 3c ) appear in the regions of 40À48 ppm, corresponding to the aliphatic backbone of the polymer, and at 146.8 ppm. The latter one is characteristic of polystyrene, 49, 50 corresponding to the aromatic ipso carbon attached to the backbone (C c in our notation). Its broadness does not allow a detailed discussion on the tacticity of the polymer, but it suggests the formation of an atactic polystyrene. 49, 50 The observation of a relatively sharp peak at 162 ppm indicates that urea was not completely exchanged during the intercalation of IL_1 and the exfoliation. The 13 C CP/MAS NMR spectra of the nanocomposite (Figure 3c ) and the one of the independently synthesized polymer (Figure 3d ) are essentially identical (except for the presence of urea in the nanocomposite).
SEM. The morphology of the KGa-1b kaolinite is illustrated in Figure S2a ,b. It is composed of pseudo-hexagonal-shaped platelets that have well-defined edges and corner angles, indicative of a high degree of crystallinity consistent with the XRD data. The crystalline platelets in pure kaolinite form well-ordered stacks. After intercalation with urea or DMSO, the morphology of the resulting Urea-K or DMSO-K intercalates ( Figure S2c,d) is markedly different from kaolinite. The platelets are smaller and irregular with no hexagonal symmetry or well-defined edges or corner angles. Furthermore, the height of the stacks is, in general, much smaller in comparison to the stacks in kaolinite, indicating disruption of long-range ordering in Urea-K and DMSO-K intercalates. On the other hand, the observation of small stacks suggests that short-range-ordered structures still pertain. In the nanocomposite, produced from the reaction of Urea-K with IL_1, IL_2, and IL_3, SEM micrographs ( Figure 4 and Supporting Information Figure S3 and Figure S4 , respectively) reveal individual thin flakes or agglomerated flakes. Some of the flakes are curled up, and some have leaf-like morphology. Figure 4d (highest magnification) shows the formation of curled layers, characteristic of kaolinite exfoliation. The thickness of these layers is in the order of the nanometer, indicating the presence of single layers. There is indication of some stacks, quite expected on the basis of the amount of mineral material in the polymer. These results indicate that exfoliation of the individual platelet layers has occurred in the nanocomposite. In contrast, in the case of the composites prepared by reaction of the DMSO-K preintercalate with IL_1, IL_2, and IL_3, SEM micrographs indicate that the morphology of these samples is not homogeneous. The SEM micrographs of some areas are identical to those of pure kaolinite (Figure 5b) . In other areas, the platelets are separated but not folded like in the case of the nanocomposite obtained using Urea-K as the starting material (Figure 5a ). The SEM results, together with the XRD results, point to the conclusion that a complete exfoliation of the kaolinite layers took place when the reaction was done using Urea-K as a preintercalate, resulting in the formation of an exfoliated nanocomposite, whereas only a partial separation of the platelets occurred when the reaction was done using DMSO-K as the precursor, resulting in a mixture of some exfoliated nanocomposites with a microcomposite phase.
The presence of a bulky polymer inside the interlayer spaces of kaolinite results in an increase of the distance between the layer sheets and in a reduction of the interactions between them, leading to a complete loss of layerÀlayer interactions and the random dispersion of the individual layers in the polymeric matrix.
The exfoliation can be achieved when the release of the preintercalated molecule and the intercalation of the monomer occur simultaneously. If the release occurs before a possible intercalation of the monomer, a collapse of the structure results, with the recovery of kaolinite that becomes dispersed in the polymer to form a microcomposite. Langmuir ARTICLE nanocomposite consisted of individual exfoliated layers of kaolinite dispersed in a continuous mixture of polymer and some remaining urea. The same approach was used with a DMSO kaolinite intercalate as starting material. In this case, the resulting composite was a mixture of partially exfoliated individual layers of kaolinite and collapsed ones. The choice of the nature of the starting preintercalate of kaolinite is crucial for the nature of the resulting composite, nano or micro. The choice of an ionic liquid monomer is also crucial because it allowed the one-step process of intercalation/ polymerization/exfoliation. By an appropriate treatment of the nanocomposite, the amount of organic material could be close to 30%, giving a nanocomposite with a high inorganic content.
With internal surfaces covered by aluminol groups that can be used for further functionalization, 51, 52 the layers of kaolinite have properties highly different from those of the smectites, which are largely used in the making of nanocomposites. The possibility of creating exfoliated nanocomposites based on kaolinite, in a simple one-step polymerizationÀexfoliation process, opens the way to the design of exfoliated nanocomposites where organic polymer and inorganic alumino silicate layers are covalently bound in a structurally controlled approach. In contrast with the case of smectites, the degree of swelling of kaolinite in these nanocomposites cannot yet be controlled nor can the formation of oriented films. This is a goal for future work. ' REFERENCES
